ample, the design of linked ligands was developed emwas determined. A comparable effective concentrapirically based on models of transition state complexes tion was achieved for bifunctional ligands based on involving two substrates and has led to affinity enhigher-affinity naphthalene sulphonamide derivatives. overlooked [14] . However, a corollary of the successful value of C eff has not been established for the peptide (or antagonist) complexes of CaM, and the attainment of an use of flexible ligands for rigid binding sites [13] In order to establish a value for C eff with bifunctional measured in order to ascertain whether linked ligands ligands, the dissociation constants of the monofuncare likely to be an improvement over their monofunctional components from which the bifunctional ligand tional counterparts.
is constructed need only to exceed C eff . In other words, Here, we show how a limit on C eff can be readily in the scenario in which C eff is high (e.g., in the millimolar range), and therefore in which the use of bifunctional established for a protein, in which the ligand binding ligands could be highly advantageous, the affinity for sites are motionally independent, by using small, rigid, the target of the monofunctional components used to linked ligands. We illustrate the strategy by using the measure C eff can be relatively low, i.e., the ligands that ubiquitous calcium signal transducer calmodulin (CaM) are linked can be relatively poor models of the optimum as a representative example (Figure 1) accurate dissociation constant for BT1 cannot there- (Table 1) , C eff for the domains of CaM for BT1 is in the Although the incorporation of tryptophan moieties range of w0.2-2 mM. The length of the linker groups in was intended to allow the use of ligand fluorescence BT1 and BT2 was found to make little difference to the for the determination of higher-affinity dissociation conbinding affinity, as predicted from the ability of CaM to accommodate peptides with different relative positions of the side chains that bind to its hydrophobic surfaces. In principle, the major contribution of C eff to the binding affinity is usually ascribed to an entropy term that favors binding for bifunctional ligand-CaM complexes. To test whether the increase in binding affinity for the bifunctional ligands is largely the result of such an entropy term, isothermal titration calorimetry (ITC) was used to measure the changes in enthalpy (⌬H), and hence entropy (⌬S), upon binding for ligands MT2 and BT1. The dissociation constants measured by ITC (Table 2) match within error those measured by other methods (Table 1) . Over the temperature range of 8°C-37°C, ⌬H and ⌬S were negative for binding of both ligands, and the negative values of ⌬C p imply a significant hydrophobic contribution to the binding free energy. The value of ⌬H for the bifunctional ligand is twice that for the monofunctional ligand (within error), which suggests that there is no substantial change in the individual binding interactions at the two sites. However, ⌬S for binding the bifunctional ligand is also twice (within error) that for the monofunctional ligand; thus, ing together of two lower-affinity ligands even when the binding sites are mobile relative to each other. The deFor the bifunctional ligand, the magnitude of these gree of affinity enhancement is related to the effective effects will differ from the monofunctional system. The concentration, C eff , of the second binding event, a contributions from (1) and (2) should be approximately quantity that can be readily determined by using simdouble those for the monofunctional ligand, and the conple, low-affinity head groups connected by relatively tribution from (3) should be similar. However, in the bifuncrigid linkers. The monofunctional tryptophan-based litional case, there is additional restriction of the conformagands that were linked in the present study and that tions of the linkers between the two protein domains and were sufficient to determine the value of C eff for CaM the tryptophan moieties that will compensate the entropic have a low affinity for CaM (Table 1) , and this affinity is advantage of the bifunctional ligand to some extent. considerably lower than traditional monofunctional CaM antagonists, such as J-8 and trifluoperazine. RelaNaphthalene Ligands tive to the latter, binding is likely to be disfavored by Despite the relatively low affinity of tryptophan-based the indole NH group of the tryptophan moiety that conmonofunctional ligands, the range measured for C eff is stitutes a hydrogen bonding potential that is not presufficient to lead to a modest affinity enhancement for sent in the other ligands, and that is not satisfied by the equivalent bifunctional ligands. However, if this the ligand binding site. The absence of a significant range of C eff can be maintained, it follows from Equachange in the chemical shift of the indole NH resonance tion 1 that a larger enhancement of affinity should be upon binding (see Figure 3B ) supports this, indicating achievable for bifunctional ligands starting from monothat its solvation state is retained in the complex. functional moieties with higher affinities than MT1-MT7.
Paradoxically, ligand MT6 is melatonin, a neurotransTo demonstrate this, a second generation of bifuncmitter reported to inhibit CaM-dependent activation of tional ligands, BN1 and BN2 (Figure 2C 
